ABSTRACT The accidental overfilling of waste liquid from tank BX-102 at the Hanford Site 11 in 1951 put about 10 metric tons of U(VI) into the vadose zone. In order to understand the 12 dominant geochemical reactions and transport processes occurred during the initial infiltration 13 and help understand current spatial distribution, we simulated the waste liquid spilling event in 14 laboratory sediment columns using synthesized metal waste solution. We found that, as the 15 plume propagating through sediments, pH decreased greatly (as much as 4 units) at the moving 16 plume front. Infiltration flow rates strongly affect U behavior. Slower flow rates resulted in 17 higher sediment-associated U concentrations, and higher flow rates ( 5 cm/day) permitted 18 practically unretarded U transport. Therefore, given the very high K sat of most of Hanford 19 formation, the low permeability zones within the sediment could have been most important in 20 retaining high concentrations of U during initial release into the vadose zone. Massive amount of 21 colloids, including U-colloids, formed at the plume fronts. Total U concentrations (aqueous and 22 colloid) within plume fronts exceeded the source concentration by up to 5-fold. Uranium colloid 23 2 formation and accumulation at the neutralized plume front could be one mechanism responsible 24 for highly heterogeneous U distribution observed in the contaminated Hanford vadose zone. 25 26
need to be based on the best understanding of current U spatial distribution, speciation, and 37 future mobility. Gaining the needed understanding is extremely difficult because of the 38 complexity of the strongly coupled hydrological and geochemical processes, sediment 39 heterogeneity, and insufficient historical records. Despite these difficulties, significant progress 40 has been made during the past a few years. Studies conducted on borehole sediment samples 41 collected from beneath BX-102 release site have provided valuable information on U fate and 42 transport in this plume (6). A U solid phase determined to be within the uranyl silicate 43 (uranophane) group, precipitated within microfractures of quartz and feldspar grains, based on X-44 ray absorption spectroscopy and X-ray diffraction (7), micro-XANES spectroscopy (8), and laser 45 fluorescence spectroscopy (9). Slow dissolution kinetics of these U(VI) silicates from micro-46 6 column was quickly sectioned, and pore liquids were immediately vacuum extracted through a 113 filter for each sediment segment. Cellulose filter paper of 2µm pore size was selected because it 114 permitted rapid filtration. The extracted pore liquids were then used for a variety of analyses. 115
After the extraction, the residual pore liquid was removed from the sediment by applying 20 mL 116 distilled water evenly on the top of the drained sediment (still sitting on the filter paper under 117 vacuum extraction). This procedure for removing pore liquid from each segment took about 2 118 minutes. The sediment segments were then air-dried and used for analyses of the retained 119 amount of U. Analyses of the segment samples of extracted plume liquid and solid sediment 120 permitted construction of chemical profiles along U waste plume paths. 121 122 Flow Rate Consideration. Given the importance of pore water velocity on reactive transport, 123 flow rate was a key variable in this study. In many environments, the saturated hydraulic 124 conductivity, K sat , of the sediment provides a reasonable upper limit for waste infiltration rates. 125
However, given the very high K sat of some Hanford formation sands (10 2 to 10 4 m day -1 ), waste 126 solution seepage probably occurred at lower rates controlled by lower permeability inter-layers 127 and by supply (leakage) rates. Information on the flow rate during the release was not attainable, 128 and to our knowledge, no attempts have been made previously to understand the flow rate effects 129 on U transport through Hanford sediments. Although our tested flow rates (25, 5, and 1 cm day two fractions of each segment pore liquid (including suspended colloids if present) were7 withdrawn into the prepared carrying solutions for U concentration analyses using KPA-11A 136 (Chemchek, Richland, WA), and for other major elemental analyses using ICP. Carbon was 137 analyzed using a TIC-TOC analyzer (O-I Analytical). The segmented sediment samples were 138 analyzed for U content by gamma spectrometry (Gamma Table Detector , GMX-50220-P, EG&G. 139 Ortec). Morphology, chemical composition, and structure of the colloids in plume front liquid 140 phase were characterized using scanning electron microscopy (SEM), energy-dispersive X-ray 141 spectrometry (EDS), and synchrotron micro-X-ray diffraction (µXRD) conducted at beamline 142 X26A of the National Synchrotron Light Source. Uranium species in reacted sediment were 143 determined using time-resolved laser fluorescence spectroscopy (TRLFS) conducted at the 144 Environment Molecular Sciences Laboratory (12, 15) . 145
146

Results and Discussion
147
The results presented in this paper are mainly from three columns with three different 148 infiltration flow rates of the synthesized MWS. An additional column run was conducted at the 149 In Figure 1c we see that the plume body has normalized Na concentrations close to one; a plume 177 front region has normalized Na concentrations between zero to one; and a region of displaced 178 native soil water has normalized Na concentrations close to zero. Turbidity values (Figure 1d Instead, the turbidity maxima reproducibly occurred slightly behind the pH minima. In Figure 1a , 183 the pH of bright yellow colloid-rich vial is 7.5, and its normalized Na concentration is 0.55. The 184 pH minimum of 6.4 is associated with the adjacent downstream sample. 185
The degree of pH decrease and the extent of colloid formation at the plume front are both 186 strongly depend on flow rate. Increased flow rate resulted in larger extent of pH decrease, higher 187 degree of colloid formation, and more U accumulation at the plume front. The general 188 mechanisms for pH decrease and colloid formation at the plume front during infiltration of high 189 salinity solutions were discussed in earlier papers (13, 16, 17) . In brief, it consists two processes. 190
One is cation exchange, with Na + as the dominant cation rapidly and completely displacing 191 The elements Na, K, Ca, Mg, P, and S were analyzed using ICP, with 5% to 10% relative 212 uncertainties determined through duplicated or triplicate runs. The C (carbonate, bicarbonate) 213 concentrations were analyzed using a TIC-TOC analyzer, also with 5-10 % uncertainties 214 The uncertainties in U concentration data were 3-5% for liquid phase analyses using 262 KPA, and ~20% for sediment using gamma ray spectrometry (triplicates). In the plume body slightly different locations or times, or by using a different filter pore size, different 281 concentrations of these elements would probably have been obtained. However, the data convey 282 the basic message that most of the plume front U was not in complexes with either P or S. More 283 interestingly, from C:U ratio of 1.6 in this particular plume front sample, much of its U was no 284 longer in complexes with carbonate [UO 2 (CO 3 ) 3 -4 ]as it was originally in the MWS. When the 285 solution pH dropped from 10 to 7.0, U(VI) solubility drops to ~10 -5 M (e.g., schoepite). Thus, the 286 plume front is a moving zone within which the advancing U precipitates. The fact that 287 suspension U concentrations exceed that of the source solution under higher flow rates shows 288 that U precipitation is homogeneous, and that deposition of newly formed U(VI) colloids is 289 kinetically limited. 290
The flow rate-dependence of U transport at the plume front is evident in U liquid phase 291 concentration profiles (Figure 3a) . Recall that finer suspended colloids are included in the 292 "solution" phase because 2 µm filters were used. The normalized U concentrations for the two 293 faster flow rate columns are greater than one in the plume front region, indicating local 294 accumulation of suspended U colloids. As mentioned earlier, only pH and liquid phase U 295 concentration data were obtained for the duplicate run 25 cm/day-2. The normalized U 296 concentrations from the second run yielded a lower peak value of 1.38 at the front (Figure 3a ) 297 compared to 5.6 for run 25 cm/day-1. Although the U peak value was not quantitatively 298 reproduced, the phenomenon of U accumulation in the plume front was confirmed. As discussed 299 previously, the extremely nonequilibrium conditions make replication of U concentrations within 300 the plume front very difficult. In contrast, slower flow rates permit closer approach to local 301 equilibrium within the plume front, and no U accumulation at the plume front occurred in the 1 302 16 cm d -1 column. Thus, the extent of U transport reflects complex flow rate-dependent factors 303 including homogeneous colloid formation from highly supersaturated pore liquids, and colloid 304 deposition onto the stationary sediment matrix. 305 U concentrations retained by the sediment solid phase (through sorption and 306 precipitation) are presented in Figure 3b . The U concentrations in sediments at different flow 307 rates were generally inversely related to aqueous phase U profiles in Figure 3a . Slower flow rates 308 resulted in higher sediment-associated U concentrations, reflecting significant rate limitations to 309 sorption and precipitation. Partitioning of U within the plume between the sediment solids and 310 pore liquids was described in terms of a retention factor (L kg -1 ), obtained by dividing the U 311 concentration measured on the solids by that measured in the associated pore waters (L/kg). The 312 retention factors shown in Figure 3c differ from the conventional retardation factor K d in that 313 geochemical equilibrium is not assumed, and both sorbed and solid phase U are included in the 314 sediment-associated component. The retention factor is useful because it directly indicates the 315 ratio of relatively immobile U vs. still highly mobile U within the plume. These data show that 316 within the main plume bodies, retention of U in solid phases are ~1.5 order of magnitude higher 317 for the lowest flow rate relative to higher flow rate cases (Figure 3c ). The fact that retention 318 factors at the plume fronts are lower, even though this region is lowest in pH and thus most 319 favorable for U sorption and precipitation, is consistent with the presence of significant quantities 320 of suspended U colloids. Kinetic limitations are reflected in the fact that the sediment at the 321 plume front has only been exposed to the U-rich MWS for short times. Note that for the 25, 5, 322 and 1 cm d -1 flow rates, sediments within 1 cm of the advancing front have only been exposed to 323 U for about 1, 5, and 24 hours, respectively. The high Ca 2+ concentration within the neutral 324 plume front also drives formation of aqueous Ca 2 UO 2 (CO 3 ) 3 0 complexes (19-21), which 325 diminishes U sorption (21) and enhances U transport (22) . 326 327
Plume Front Colloids 328
The plume front colloids from the 25cm d -1 column at the segment with pH 7.5 were 329
analyzed. SEM images presented in Figure S1a (online Supporting Information, SI) show typical 330 morphologies of the colloids. The size and morphology information suggested that further 331 growth and nucleation of colloids occurred after the pore liquid was extracted, because some 332 particles are larger than the 2 µm pore size of the filter used in the extraction. Chemical 333 compositions of the particles were analyzed qualitatively using energy-dispersive X-ray 334 spectrometry (EDS) in areas of 1 µm 2 . The major elements within the colloids were identified 335 as Ca, P, U, O, Na, Mg, C, and S ( Figures S1b, c, d ). Synchrotron X-ray micro-diffraction 336 (µXRD) was used to characterize U-rich crystalline phases of the colloids ( Figure S1e ). The best 337 XRD fit was obtained with sodium uranyl carbonate Na 4 (UO 2 )(CO 3 ) 3 . Some amorphous or very 338 finely crystalline uranyl oxyhydroxides and calcium uranyl phosphates are present in the colloid 339 phase based on the EDS data. The existence of S-containing colloids is consistent with the 340 previously described accumulation of SO 4 2-near the front ( Figure 2S ). pH values varying from 9.6 to 7.3 downward along the flow path, and the high peak 367 concentrations of Ca 2+ and Mg 2+ are also observed in the borehole profiles with a neutral pH (6). 368
The Ca 2+ /Mg 2+ peaks along with neutral pH may be signatures of a plume front in the field. 369
